1.

Introduction
The functioning of money markets was severely impaired in the summer of 2007, and then even more so following the failure of Lehman Brothers in September 2008. What had begun as a deterioration in a relatively limited segment of the US subprime mortgage sector quickly spread to other markets, especially those of credit and securitized products (BIS, 2008; IMF, 2008) . Uncertainty about losses increased the liquidity needs of financial institutions as well as their reluctance to lend to each other in money markets. Reflecting these and possibly other factors, spreads of interbank short-term interest rates over overnight index swap (OIS) and treasury bill rates widened substantially in August 2007, and then, despite some degree of fluctuation, persisted at high levels (Taylor and Williams, 2009) , before exploding by a factor of 3-5 times in the wake of the mid-September failure of Lehman Brothers (Fender and Gyntelberg, 2008) .
Foreign exchange (FX) swap markets were immune neither to the turmoil nor crisis. document heightened volatility in the FX swap markets across several G10 currency pairs beginning in the summer of 2007. As noted in that paper, the three-month FX swap-implied dollar rate using euro as a funding currency moved together quite closely with dollar Libor (London interbank offered rate) prior to mid-August 2007. After that, however, the spread between the FX swap-implied dollar rate and dollar Libor widened considerably, reaching more than 40 basis points in September 2007, pointing towards a large and persistent deviation from the short-term covered interest parity (CIP) condition (Figure 1 ). 3 Just as in the case of Libor-OIS spread, the deviations from CIP then exploded following the bankruptcy of Lehman Brothers. Baba and Packer (2009) argue that dollar funding shortages of European financial institutions, combined with increased counterparty risks, were largely responsible for dislocations in the FX swap market prior to September 2008. Facing unfavourable demand and supply conditions and the associated impairment of liquidity in interbank markets, many European financial institutions moved to actively convert euros into dollars through FX swaps, creating a one-sided market as US counterparts became more cautious about lending dollars. 4 As documented in Baba and Packer (2009) , FX swap prices began to reflect relative counterparty risks after the onset of financial turmoil, indicating that concern over the counterparty risk for European financial institutions relative to that for US financial institutions was an important factor underlying deviations from short-term CIP. However, the study covers a period that ended prior to the bankruptcy of Lehman Brothers, when the turmoil in many markets became much more pronounced, concerns over the counterparty risk of financial institutions expanded well beyond those headquartered in Europe, and the dollar liquidity problem for European institutions deepened into a phenomenon of global dollar shortage.
Europe in a fashion that complemented the Federal Reserve's own term auction facility (TAF) for US institutions. 5 The size of the transatlantic swap lines was increased several times beginning in March 2008, while alternative maturities were introduced beginning in August. In the immediate aftermath of the Lehman failure in mid-September, not only was the size of the swap lines to support dollar operations increased by a factor of 3-5 times, but new swap lines with other central banks were introduced, including the Bank of England (BoE) and Bank of Japan (BoJ). On October 13, the maximum limits on the swap lines for the ECB, SNB, BoE and BoJ were lifted altogether, permitting these central banks and eligible counterparties unlimited access to US dollar funding in response to market conditions.
In this paper, we empirically investigate the dislocations in the FX swap market both before and after the failure of Lehman brothers under the turmoil across the euro/dollar (EUR/USD), Swiss franc/dollar (CHF/USD), and sterling/dollar (GBP/USD) pairs. We examine the degree to which the common factor underlying deviations from short-term CIP observed in the FX swap market for these currency pairs can be explained by a small number of variables reflecting the ongoing turbulence in global financial markets. Though we control for other relevant factors, we place particular emphasis on the following two issues: (i) the role of the perception of counterparty risk of European and US financial institutions and (ii) the role of the establishment of the dollar swap lines with the Federal Reserve by major central banks in easing tensions in the FX swap market, as well as the take-up of those swap lines through dollar term funding auctions by the ECB, SNB, and BoE.
In the extant literature, a number of studies test the short-term CIP condition, and some identify the specific periods in which such parity conditions collapsed. However, to the best of our knowledge, this paper, in conjunction with the earlier companion piece which covered only the period prior to the failure of Lehman Brothers (Baba and Packer, 2009) , is the first one to examine these deviations in the context of the recent financial crisis. Understanding the dislocations in the FX swap market is all the more important given the rapidly growing role of FX swaps in foreign currency funding by financial institutions globally.
The rest of the paper is organized as follows. Section 2 gives an overview of the basic structure of an FX swap and its relationship to the CIP condition. Section 3 describes the evolution of dollar shortage from the beginning of the turmoil in the summer of 2007 into the crisis conditions following the failure of Lehman Brothers. Section 4 presents the empirical strategy, including a conceptual decomposition of possible deviations from CIP in the FX swap market and the main hypotheses to be tested. Section 5 describes the data and construction of the variables, and Section 6 provides the framework and results of the empirical analysis. Section 7 concludes the paper.
The FX swap and covered interest parity
An FX swap is a short-term contract in which one party borrows a currency from, and lends another simultaneously to the same party. FX swaps can be viewed as effectively collateralized transactions, though the collateral does not cover the entire counterparty risk. For example, if the counterparty were to default during the contract period, the party would need to reconstruct the position at the current market price, which entails replacement cost. Further, Duffie and Huang (1996) show that FX swaps are subject to significantly more exposure to counterparty risk than are interest rate swaps, due to the exchange of notional amounts.
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See Section 3 for more details. For the coordinated efforts by the central bank community at early stages of the turmoil, see Borio and Nelson (2008) and CGFS (2008) .
When non-US financial institutions need short-term dollar funds, they can borrow directly in the dollar cash market, or combine domestic currency borrowing with an FX swap. 6 For example, an institution funding itself in euros but desiring dollar funding could swap the proceeds for dollars, ie in effect sell euros for dollars at the FX spot rate, while contracting to exchange in the reverse direction at maturity at the FX forward rate. In this paper, we call the total cost of raising dollars using euros as a funding currency through the FX swap market "the FX swap-implied dollar rate from the euro". The equality of the FX swap-implied dollar rate and dollar deposit rate defines a condition of indifference as 
Here, the left-hand side of equation (1) is the uncollateralized dollar interest rate. Equation (1) is equivalent to the CIP condition in the traditional international finance literature.
CIP states that interest rate differentials between currencies should be perfectly reflected in the FX forward discount rates, since otherwise an arbitrageur could transact in money and FX markets to make a risk-free profit. A number of studies assess the degree to which shortterm CIP is supported by the data. Most of them show that the deviations from the short-term CIP condition have diminished significantly at least among G10 currencies. However, Taylor (1989) finds that, despite increasing efficiency in FX markets, deviations from CIP tend to be evident during periods of uncertainty and turmoil, and persist for some time.
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For CIP to hold strictly depends on negligible transaction costs, as well as the lack of political risk, counterparty (credit) risk, liquidity risk, and measurement error (Aliber, 1973) . While transaction costs and political risk are largely negligible in today's G10 currency markets, counterparty risk may have increased significantly under the recent turmoil. To the extent that counterparty risk was concentrated on one end of the FX swap market, a deviation from CIP could have emerged. This is particularly the case, when uncollateralized dollar cash markets malfunctioned under the turmoil, and so the only channel of dollar funding was the FX swap market. For example, if European financial institutions typically on the dollar borrowing side of the FX swap market were perceived as risky by US financial institutions on the dollar lending side, then risk premia could have been added to FX swap prices. One historical precedent dates from the late 1990s, when the perceived creditworthiness of Japanese banks raising dollar funds in global cash markets deteriorated significantly, and large deviations from CIP in the dollar/yen FX swap market emerged. FX swaps have been employed to fund foreign currencies, both for financial institutions and their customers, including exporters and importers, as well as institutional investors who wish to hedge their positions of foreign bonds against the FX risk. FX swaps are also frequently used as a tool for speculative trading typically by combining two positions with different maturities. According to Taylor (1989) , significant deviations were observed on such occasions as the flotation of sterling in 1972 and inception of the European Monetary System in 1979. In addition, Akram et al. (2008) investigate deviations from the CIP condition using tick data that covers several months in 2004 and find some economically significant deviations from the CIP condition, albeit short-lived. 8 See Hanajiri (1999) , who suggests that the large deviations from CIP at the time were due chiefly to the deteriorating creditworthiness of Japanese banks, compounded by increased volatility of the FX rate. For an From turmoil to crisis: Dislocations in the FX swap market before and after the failure of Lehman Brothers Liquidity risks may have played a role, as well, particularly if market liquidity was impaired due to outsized or one-sided order flow. This in turn could be due to the realization of funding liquidity risks in the money market. Note, however, that both types of liquidity risk and counterparty risk are most likely intertwined in a complex manner particularly in times of stress, and it is thus quite difficult to distinguish quantitatively between their premia. For example, an illiquid but solvent bank could become insolvent due possibly to inherent maturity mismatch between their assets and liabilities and an inability to roll over short-term funding, combined with an inability to efficiently liquidate positions in certain assets. In the case of dollar funding shortages of European financial institutions, their order flow for dollars in the FX swap market was reported to have surged during the recent financial turmoil. This was due largely to constraints on borrowing in the uncollateralized dollar money market, where US financial institutions appeared less willing to lend dollars to other institutions, resulting from heightened counterparty risk, as well as their own increased demand for dollar liquidity.
Finally, measurement error could have been heightened as well. During the recent turmoil, dollar Libor was reported to have underestimated the dollar funding costs that euro-zone financial institutions actually faced. The non-binding nature of Libor may lead to biased quotes on the part of institutions wary of revealing information that might increase their borrowing costs in times of stress.
3.
Global US dollar shortages and central bank policies
The origins and emergence of US dollar shortages
The origins of the US dollar shortage, as described in a number of recent BIS publications, largely stemmed from a sharp growth in the US dollar assets of European banks over the past decade that sharply outpaced the growth in their retail dollar deposits (McGuire and von Peter, 2008; . As funding from banks and non-banks typically covered only part of this structural shortage of US dollars, European banks were heavily reliant on the FX swap market to obtain such dollar funding. 9 In the summer of 2007, European financial institutions started to increase activity to secure dollar funding to support troubled US conduits to which they had committed backup liquidity facilities, and at the same time interbank funding liquidity deteriorated in line with increased concerns about the creditworthiness of banks. Under these circumstances, an increasing number of European institutions moved to convert European currencies into dollars via FX swaps, resulting in one-sided order flow, and a severe impairment of liquidity in the FX swap markets.
From mid-August to mid-September 2007, market participants indicated that the deteriorating liquidity in underlying term dollar, euro and sterling markets made it very difficult to identify the appropriate interest rates at which to price forward transactions. As a result, FX swap market experienced much wider bid-ask spreads than normal (FRBNY, 2007) . Anecdotal evidence also indicated that concerns about counterparty risk were causing on the one hand riskier counterparties to find it more difficult and costly to make transactions, and on the other hand market makers to withdraw from the market. Reflecting these and other factors, as described in , the spreads between the FX swap-implied dollar rates and analysis of the so-called "Japan premium" at that time for Japanese banks in interbank lending markets, see Covrig et al. (2004) and Peek and Rosengren (2001). 9 European banks' reliance on dollars was not met by a proportionate need of US banks for European currencies, which implied that a shock to counterparty risk affected the FX swap market disproportionately dollar Libor rose considerably from late August, moving up to levels by close to 45 basis points when funded in the euro, and more than 20 basis points in the Swiss franc and the sterling. It is the determinants of these deviations that we analyze in this paper.
Though there was some alleviation of tensions in FX swap markets in mid-September 2007, from mid-November, trading liquidity in the FX swap market was again impaired, exacerbated by typical year-end funding pressures. Concerns about counterparty risk and one-sided markets again led to wider bid-ask spreads and wider effective dollar costs of funding via the FX swap market than the cash markets.
3.2
The December 2007 policy response: The establishment of US dollar swap lines
In December 2007, the Federal Reserve, the ECB and the SNB responded in a coordinated fashion to address the US dollar shortages of European financial institutions. To improve financial market functioning by providing liquidity in US dollars abroad, the Federal Reserve announced the establishment of swap lines, or "reciprocal currency arrangements", with the ECB and the SNB on December 12.
10
In terms of the specifics of the agreement at that time, the ECB could swap euro for up to $20 billion, and the SNB could Swiss francs for up to $4 billion, respectively, through the end of June 2008 ( Figure 2 ). Drawing on these funds, the ECB and SNB were then able to temporarily lend-through auctions conducted in parallel with those of the Federal Reserve's Term Auction Facility (TAF)-the dollar proceeds of swaps to Eurosystem and Swiss counterparties with eligible collateral in need of term dollar funding. On December 17 and 21, the ECB conducted fixed rate auctions for $10 billion of 28-day and 35-day funds, respectively, where the rate was determined by the marginal rate of the same day Federal Reserve TAF auction (Table 1) . On December 17, the SNB held a variable rate tender auction for $ 4 billion ( Table 2 ). All auctions were fully subscribed; thus, by the end of the year, both the ECB and SNB had fully drawn down their swap lines with the Federal Reserve. Similar auctions which essentially rolled over the 28-day swap lines were conducted by the ECB in January 14 and 28, and by the SNB of January 14. However, as term funding pressures declined in February, as well as FX swap market deviations, the auctions were subsequently suspended by the ECB and SNB and not held in February.
The renewal of term funding pressures and March 2008 increase in swap lines
However, towards the end of February and in March, despite a variety of other measures implemented by the Federal Reserve to ease funding pressures such as the expansion of the size of the TAF, and the implementation of the Term Securities Lending facility, concerns about systemic risk in the financial system resurfaced, and stresses in the FX swap markets again intensified. In response, on March 11 the Federal Reserve authorized further increases in the swap lines with the ECB and the SNB to $30 billion and $6 billion, respectively, and also extended the terms of the swap lines through September 30, 2008. The ECB and SNB both reinstituted their dollar auctions and increased their sizes in line with the increased swap lines. On March 25 and April 7, the ECB held two auctions for $15 billion, while the SNB held one auction for $6 billion on March 25.
3.4
The May / July increases in swap lines and additional measures But even these amounts were insufficient, and to address further pressures in dollar funding markets, on May 2 the Federal Reserve authorized further increases in dollar swap lines with the ECB and the SNB to $50 billion and $12 billion, respectively, and extended their terms again through January 30, 2009. The ECB and SNB were able to increase the size of their dollar auctions to locally eligible institutions which remained fully booked, and by June 30 both lines were completely drawn.
On July 30, in addition to raising the ECB swap line by another $5 billion to $55 billion, the Federal Reserve announced that it would auction 84-day funds via the TAF (while continuing with the 28-day fund auctions), to counteract the perceived increasing shortages of dollar funds at a longer maturity. It was also announced that, in coordination with the lengthening of the maturity of the TAF loans of the Federal Reserve, the ECB and SNB also would make available funds of 84 day maturity in their dollar auctions. The increase in the ECB's swap line was authorized in order to accommodate a shift of some of its auctions to 84-day terms.
Auctions of 84-day dollar funds for local institutions were then held by the ECB and SNB on August 11 and 12, respectively.
From turmoil to crisis: The failure of Lehman Brothers
Concerns over the health of the financial sector-and related counterparty risks-increased sharply after the bankruptcy of the investment bank Lehman Brothers on September 15. The sharp rise in counterparty credit concerns-which were also damaged by the Federal Reserve's announcement of a bailout package for AIG the next day-led to even more intense pressures in global funding markets. Greater demand for funding coinciding with heightened precautionary hoarding by many institutions hit both secured and unsecured term lending markets. Many financial institutions increasingly funded themselves at very short maturities, raising rollover risks (FRBNY, 2008) .
Global funding market pressures were evident in the virtual shut-down of the FX swap market. Dealers reported that bid-ask spreads on FX swaps increased to as much as 10 times the levels that had prevailed before August 2007. 11 They also reported a widespread decline in interbank market making and exceptionally limited trading activity in term maturity tenors. The price action was reportedly driven by demand for dollar funding from global financial institutions, particularly European financial institutions. As many of these institutions increasingly struggled to obtain funding in the unsecured cash markets, they turned to the effectively collateralized FX swap market as a primary channel for raising dollar funding. This extreme demand for dollar funding led a sizable shift in FX forward prices, with the implied dollar funding rate observed in FX swaps on many major currencies rising sharply above that suggested by the other relative interest measures such as the dollar OIS (overnight index swap) rate and the dollar Libor. During the quarter, the spread of the three month FX swapimplied dollar rate from euro and sterling-US dollar FX forward points-over the dollar Libor fixing rate widened to around 330 and 260 basis points, respectively, in early October after the Lehman failure (Figure 1 ).
Once again, the central banking community was galvanized into action. To further address the problems in funding markets which had worsened in the wake of the Lehman failure, on September 18, the US Federal Reserve authorized a more than two-fold increase in the swap lines to the ECB and SNB of $110 and $27 billion, respectively. At the same time, new dollar swap lines were opened to the BoJ, BoE and Bank of Canada (BoC) of $60, $40 and $10 billion, respectively. The new swap lines to the BoE were in response to dislocations in the GBP/USD FX swap market which is one of the FX swap currency pairs under investigation in this paper (Figure 2, Table 3 ).
As the financial crisis continued, there followed rapid-fire increase in the amount of the dollar swap lines over the next few weeks. The swap lines with the ECB and SNB were increased to $120 and $30 billion on September 26, and the ECB, SNB, BoJ, BoE and BoC's swap lines were increased to $240, $60, $120, $80 and $30 billion on September 29. Finally, on October 13, the swap lines were announced to be unlimited with the ECB, SNB, BoE, with the BoJ following the day after.
In a signal of how the crisis had taken on global dimensions, and how seriously the Federal Reserve viewed its role as a provider of global dollar liquidity, new central banks in addition those from Japan, England, and Canada were brought into the swap lines, including many from emerging market economies. The Federal Reserve established swap lines with the Reserve Bank of Australia, the Sveriges Riksbank, the Denmarks Nationalbank and the Norges Bank on 24 September, while the Reserve Bank of New Zealand (RBNZ) was signed up on October 28. On October 29, the Banco Central do Brasil, the Banco de Mexico, the Bank of Korea and the Monetary Authority of Singapore were added to the list of countries with dollar swap lines established with the Federal Reserve. As of the end of October, the authorized swap line amounts were $30 billion for the central banks of Canada, Australia, Sweden, Brazil, Mexico, Korea and Singapore, and $15 billion for the Norges Bank, Denmarks Nationalbank and the RBNZ. 12 As mentioned above, the ECB, the SNB, BoE, and BoJ had unlimited swap line amounts. Financial markets reacted well to the announcements of both the increases in the absolute amounts of the swap lines and the increase in numbers. In particular, the approval of unlimited dollar swap facilities for selected central banks on October 13 was greatly welcomed. Many market participants reported that the expended swap facilities improved term funding conditions: indeed, from the time of the dramatic moves on October 13 to the end of the year, the three-month dollar Libor-OIS declined by approximately 230 basis points to 120 basis points. Meanwhile, over the same time period, the FX swap market deviations from the CIP condition fell sharply, particularly for the EUR/USD and CHF/USD pairs (by more than 60 and 80 basis points, respectively), to the levels which were still above those traced before the Lehman failure, but not by very much (Figure 1 ).
4.
Empirical strategy and main hypotheses
Overall empirical strategy
In this paper, we analyze three FX swap pairs between the US dollar and each of the three major European currencies (EUR, CHF and GBP). Our sample period covers the period from We first attempt to extract a common factor from the FX swap deviations for these three currency pairs, using principal component analysis. 15, 16 This common factor should reflect the general supply/demand imbalances for US dollars vis-à-vis European currencies emanating from the whole range of financial institutions operating in the FX swap market of these different currency pairs. The use of the common factor analysis is chiefly motivated by the fact that European financial institutions choose the funding currencies in a very flexible manner depending on the relative funding costs of different options for raising dollars through FX swaps. For example, banks in the euro area often use other European currencies, typically Swiss franc and/or pound sterling, as a funding currency to raise dollars when the dollar-raising cost using these currencies is low compared with the cost using euros. Thus, FX swap-implied dollar rates should be very closely related each other even in the turmoil and crisis periods, particularly among these three currency pairs.
Then, we apply the EGARCH (exponential generalized autoregressive conditional heteroskedasticity) model to the common factor, to estimate the impacts of counterparty risk measures for European and US financial institutions on the level of the common factor, as well as measure the effectiveness of central bank policy initiatives on both the level and volatility of the common factor.
Decomposition of FX swap deviations
We basically follow the conceptual decomposition formula of FX swap deviations from shortterm CIP, as proposed in Baba and Packer (2009) , using the OIS rates as a benchmark interest rate. The OIS is an interest rate swap in which the floating leg is linked to a publicly available index of daily overnight rates. The two parties agree to exchange at maturity the difference between interest accrued at the agreed fixed rate and interest accrued through the geometric average of the floating index rate. We regard the OIS rates as a proxy for expected future overnight rates for the following two reasons. First, the counterparty risk associated with the OIS contracts is relatively small because no principal is exchanged.
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Second, the liquidity risk premia contained in OIS rates should be very small because of the lack of any initial cash flows.
The use of OIS rates as a benchmark enables us to decompose the FX swap deviation measured by Libor rates as follows:
i=EUR, CHF, and GBP Here, the right-hand side of equation (2) can be obtained by first separating the term involving the FX forward discount rate from that involving Libor rates, and then logapproximating the FX forward discount term. 18 This decomposition is useful in choosing explanatory variables for the common factor regressions that follow.
Two sets of main hypotheses
The following two sets of main hypotheses are tested. The first hypothesis concerns the counterparty risk of European and US financial institutions perceived in the markets. We observe that under normal circumstances European financial institutions are on the US dollar borrowing side of FX swaps, and US financial institutions are on the US dollar lending side.
Thus an asymmetry of counterparty risk between European and US financial institutions could potentially show up in the FX swap deviations from CIP. We call this the counterparty risk hypothesis.
The counterparty risk hypothesis is directly related to the first term on the right-hand side of equation (2), which denotes the deviation of the interest rate differential implied in the FX forward discount rate from the differential in the OIS rates of the same currency pair. 19 If European financial institutions facing US dollar shortages are perceived as riskier by US counterparts, then a risk premium may be added to the forward discount rate relative to pure expectations about the interest rate differential between the dollar and the European currency that are reflected in the OIS rates. Thus, an increase in counterparty risk for European financial institutions should always work to raise the FX swap deviations, as we have measured them, while increased counterparty risk for US financial institutions should work in the opposite direction.
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On the other hand, when the dollar shortages localized among European financial institutions became a global shortage after the Lehman failure as discussed above, the impact of increasing counterparty risk for US financial institutions may have changed. US financial institutions also suddenly faced considerable difficulty raising US dollar funds in the shortterm cash markets, due chiefly to greatly increased concerns over counterparty risk, and these needs could not be entirely met by scheduled TAF auctions of the Federal Reserve. Under such circumstances, US financial institutions would have much less ability to provide dollar funds in the FX swap markets, and many market participants even suggested that some US financial institutions in fact turned to FX swap markets to raise US dollars using 18 We abstract from the term ( )
because it is at least an order of magnitude smaller than the other terms.
European currencies as funding sources. If US institutions in fact undertook such actions extensively, then we might expect counterparty risk for US institutions to be positively related to the level of FX swap deviations during the second period under investigation.
The second set of hypotheses concerns the effects of central bank measures to address the US dollar shortage problem, as discussed in Section 3. Specifically, we test the following two types of measures. The first type is the US dollar auctions conducted by the ECB, SNB and BoE, which are supported by the swap lines with the Federal Reserve. What we call the USD auction hypothesis posits that, because of their associated provision of US dollar funds to European financial institutions, US dollar funding auctions significantly lowered FX swap deviations from CIP. A related hypothesis is that implementation of US dollar auctions also served to stabilize the FX swap market by lowering the volatility of deviations from CIP. We measure the effects of these US dollar auctions on the level and volatility of the common factor. We also estimate the effect of coordinated US dollar auctions across the three central banks on its level and volatility.
The second type of measures is actual commitments by the Federal Reserve to establish and increase dollar swap lines with other central banks. As discussed above, there were eight such announcements that related to Federal Reserve Swap lines with the ECB, SNB and BoE during the sample period. To the extent that these announcements were anticipated to diminish the dollar shortage-related dislocations in FX swap markets, we might expect significantly lower FX swap deviations to be associated with the announcements. In this paper, we focus on two of the announcements identified as significant by market participants: first, when in addition to raising the swap lines with the ECB, the introduction of longer maturity (84-day) TAF auctions by the Federal Reserve, ECB, and SNB were simultaneously announced, and second, when unlimited dollar swap lines were announced between the Federal Reserve and the ECB, SNB and BoE.
5.
Data and variables
FX swap deviation
The common factor estimated from spreads between each of the FX swap-implied three month dollar rates (using Libor in each currency as the funding cost) and the three-month dollar Libor rate is the dependent variable in all the regression analyses that follow. 21 We focus on rates of three-month maturity because it is considered the most representative of all the short-term maturities.
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The Libor fixings are released every business day by the British Bankers' Association (BBA). The Libor fixing is meant to capture the rates paid on unsecured interbank deposits at large, 21 Another possibility is to use more market-based interest rates instead of Libor rates. A natural candidate would be the eurodollar deposit rate released by the US Federal Reserve for the dollar rate, and the rates reported by a major brokerage company such as the ICAP for the European currency rates. When using these rates to calculate the FX swap deviations, they become much lower than those based on Libor rates, even negative on many occasions, particularly after the failure of Lehman Brothers (this tendency is most evident for the CHF/USD pair, for which the FX swap deviation is negative for most of the post-Lehman period). This characteristic is at odds with market observations that the cost of raising dollar funds via the FX swap market was well above dollar cash rates following the Lehman failure and stayed at very high levels for a prolonged period of time. Further, because the Federal Reserve reports only the US dollar rate in this format, the use of the Federal Reserve's eurodollar rate raises a mismatch problem with the European rates (ICAP) particularly in terms of coverage of reporting institutions and calculation methods. 22 For the analysis using data of other maturities, see Baba and Packer (2009). globally active banks. Just prior to 11:00 GMT, the BBA surveys a panel of banks, asking them to provide the rates at which they believe they could borrow reasonable amounts in a particular currency and maturity. However, the banks are under no obligation to prove that they can actually borrow at those rates. 23 The dollar Libor panel consists of 16 banks from 7 nations. The BBA excludes the highest and lowest quartile of rates and takes a simple average.
For the FX forward discount rate, we use the New York composite FX spot and forward rates taken from Bloomberg, where the composite bid rate is equal to the highest bid rate of more than 30 contributing financial institutions (as of end-February 2009), and the composite ask rate is the lowest ask rate offered by the same institutions. The average of the bid and ask rates is used.
Determinants of common factor
Counterparty risk measures
To test the counterparty risk hypothesis, we use the following measures of counterparty risk perceptions for European and US financial institutions: the (senior) CDS spread index for European financial institutions with investment grade ratings included in the iTraxx Europe series, and the CDS sectoral spread index for brokers/dealers and other US financial institutions with investment grade ratings. 24 Both indices are taken from the Data Query web site managed by JPMorgan Chase. We label each CDS spread index CDS (European) and CDS (US), respectively. The counterparty risk hypothesis posits that before the Lehman failure, CDS (European) and CDS (US) should have significantly positive and negative impacts on the common factor, respectively, and after the Lehman failure, both CDS (European) and CDS (US) should have significantly positive impacts.
Central bank measures
To test the effectiveness of central bank measures, we create the following two sets of indicator variables. The first set attempts to capture the effect of the US dollar auctions conducted by ECB, SNB and BoE. For each date of the bid submissions for the US dollar auction by each central bank, the indicator variable takes the value of 1; and 0 otherwise. 25 We use four such indicator variables depending on the auction maturities. Take the ECB case for example, ECB 1 includes all the US dollar auctions conducted by the ECB from overnight maturity, ECB 2 includes those at maturities of 5 days or longer, ECB 3 includes maturities of 28 days or longer, and ECB 4 includes maturities of 80 days or longer. Together with the use of indicator variables independently for each central bank, we also use the indicator variables labelled ECB&SNB (before the Lehman failure) and ECB&SNB&BOE (after the Lehman failure) in the same maturity zones that take the value of 1 if all the central banks with US dollar auction facilities conducted the auctions on the same day. The second set of indicator variables labelled Commitment 1 and Commitment 2 takes the value of 1 from July 30, and October 13, 2008 onwards, respectively, when the commitment to address the US dollar shortage problem was reinforced by the central bank community. In particular, Commitment 2 is expected to have a large impact because on that day, a strong joint announcement was made by major central banks, that the dollar swap lines between the Federal Reserves and the ECB, SNB and BoE would be unlimited.
To the extent that these central bank measures were effective in ameliorating the dollar shortage problem, the corresponding indicator variables should have a significantly negative effect on the level and volatility (in the case of US dollar auctions) of the common factor.
Broad-based cash rate-OIS spread
In contrast to Libor that reflects the funding costs of only Libor panel banks, FX swap-implied dollar rates may well reflect the funding costs of a wider range of financial institutions. Thus, the FX swap deviations from CIP may stem from the difference in the financial institutions involved in the FX swap and Libor markets.
To control for this factor, we utilize the three-month eurodollar deposit rate released by the US Federal Reserve. The eurodollar rate is based on rates actually observed in the eurodollar interbank cash market and reflects a much broader array of financial institutions than the Libor panel banks, which are meant to be only large, globally active banks. To maintain consistency with equation (2), we use the spread of the broad-based dollar cash rate over the dollar OIS rate, which is labelled Broad-OIS spread in the analysis that follows.
To the extent that the FX swap market price is moved by the demand for US dollar funds of financial institutions outside the Libor universe-institutions that may face different costs of funds-we expect the effects of the Broad-OIS spread on the common factor to be positive. The OIS rate is taken from Bloomberg.
Libor-OIS spread
Under the normal circumstances prior to the financial turmoil that started in the summer of 2007, OIS rates tended to move just below the corresponding currency Libor in a very stable manner. After the onset of the financial turmoil, however, the Libor-OIS spreads widened substantially, particularly for the dollar spread.
Market observers posited several possible drivers for the widened Libor-OIS spreads. One commonly cited factor was a deterioration in funding liquidity for banks, ie a decline in their ability to service or roll-over their short-term liabilities as they fell due (IMF, 2008 ). This in turn was closely related to greater concerns about banks' ability to liquidate positions in certain assets, ie increased market liquidity risk. Another potential factor was a rise in counterparty risk for the Libor panel banks, as argued in Taylor and Williams (2009) , among others. Uncertainty about the potential losses from subprime mortgage-related structured products is reported to have added concerns about counterparty risk among financial institutions in the early stages of the turmoil.
In this paper, we include the dollar Libor-OIS spread in the regression analysis, maintaining consistency with equation (2). The expected sign for this variable is negative. Including this variable is basically meant to control for the funding liquidity conditions in the US dollar cash market (vis-à-vis European counterparts). Namely, using the Libor-OIS spread in our regression reduces the likelihood that we are confounding counterparty risk with funding liquidity risk conditions that may be highly correlated with our CDS-based measures. While there may be a counterparty risk component in Libor-OIS spreads, several studies suggest that liquidity factors have been the more important (Michaud and Upper, 2008; Schwarz, 2008) . Further, since counterparty risk possibly embedded in the Libor-OIS spread is the counterparty risk averaged over the Libor-panel banks, it does not necessarily reflect the risk for the categories such as European and US financial institutions for which our counterparty hypothesis is tested.
27 6 Empirical analysis
Framework
We test the above-mentioned two sets of main hypotheses after controlling for relevant factors discussed above. To account for stochastic volatility, as well as to measure the effect of central bank policy measures on it, we employ the EGARCH (1,1) model proposed by Nelson (1991) . 28 The EGARCH (1,1) model for the common factor can be written as The major advantage of the EGARCH model over other GARCH models is that the conditional variance is specified in the log-form and thus we do not need to impose any nonnegativity constraints on the variance equation. We can also test the asymmetric leverage effects by the coefficient of γ such that when 1 − t ε is positive, the total effect of 1 − t ε on the log of the conditional variance can be measured by ( )
, and when 1 − t ε is negative, it can be measured by ( )
. The expected signs of each determinant in the regression are summarized in Table 4 . While both the Broad-OIS spread and Libor-OIS spread increased significantly after the Lehman failure, the former spread jumped by considerably more, from 0.8 to 2.7 percentage points on average. The broad-based eurodollar deposit rate reached around 6 percent at the height of market stress in October 2008, more than 1 percentage point higher than the dollar Libor at that time, as shown in Figure 3 . 30 This result suggests an increasing importance of including the Broad-OIS spread as an explanatory variable in the regressions, so as to control for the limited representativeness of dollar Libor. Table 6 shows the results of principal component analysis for the three FX swap deviations.
Summary statistics and principal component analysis
31 82 and 88 percent of the total variance of the FX swap deviations are explained by just the first principal component before and after the Lehman failure, respectively. Factor loadings of the first principal component take on very similar values across the three FX swap pairs in both periods. This suggests that we can safely regard the first principal component as a common factor to the FX swap deviations of the three currency pairs (also note here that correlation between the first principal component and each FX swap deviation is very high). Table 7 reports the results of two standard unit root tests (Augmented Dickey-Fuller test and Phillips-Perron test) for all the variables. In both periods, the principal component, as well as each original series of FX swap deviations, are significantly found to be I(0). Based on this test result, in the analysis that follows, we use the level of the common factor of the FX swap deviations as a dependent variable, not the changes in that variable, since taking the first difference in the common factor is likely to lead to a serious loss of information without corresponding benefit. 32 Thus, our presumption is that US dollar liquidity provision by central banks is aimed at mitigating the US dollar shortage problem that shows up in the level of the common factor of FX swap deviations.
By contrast, the results are mixed for the determinants of the common factor. Before the Lehman failure, both CDS spread indices are found to be I(1), and after the Lehman failure, CDS (US) and both Broad-OIS and Libor-OIS spreads are found to be I(1). Since our dependent variable is the level of the common factor as mentioned above and we follow the decomposition formula (2), we choose to use the level of each determinant in the analysis below. That said, we will report the results of complete robustness checks in this regard later in this Section. 30 It should be noted, however, that the broad-based spread and the Libor-OIS spread are very highly correlated, where coefficients of correlation are 0.92 and 0.95 before and after the Lehman failure, respectively. We will conduct a robustness check concerning these issues later in this Section. 31 The principal component is a standardized series with zero mean and one standard error.
32 By contrast, McAndews et al. (2008) use the change of the US dollar Libor-OIS spread as the dependent variables when investigating the effects of the TAF conducted by the Federal Reserve on it. One major stated reason for their approach is that the level of the Libor-OIS spread has a unit root in their sample period. Table 8 reports the estimation results of EGARCH analysis of the common factor (first principal component) for the period before the Lehman failure.
Estimation results
First of all, the counterparty risk hypothesis is found to hold during this period in all cases. The coefficient on CDS (European) is always significantly positive, and that on CDS (US) is always significantly negative. This result is consistent with Baba and Packer (2009) , who find that the difference in CDS spreads between broad-based European and US financial institutions has a significantly positive association with the EUR/USD swap deviation during the same period.
Second, while none of the dummy variables of the USD auctions nor the included swap lines commitment variable (commitment 1) 33 have significantly negative coefficients on the level of the common factor, by contrast, the USD auction dummies do have a significantly negative impact on the volatility of the common factor in all cases. Estimates of the variance coefficient are more negative and statistically significant when the variable is limited to auctions conducted at maturities of 80 days or longer. For example, the estimates of λ =-2.634 and -2.232 for ECB 4 and SNB 4 in Table 8 suggest that volatility drops by 92 and 89 percent on average on the day of the auctions, respectively.
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Third, both control variables, the Broad-OIS and Libor-OIS spreads, have significantly positive and negative coefficients, respectively, in all cases, which is consistent with equation (3). 35 The results also support the view that higher demand for US dollar funds by a wider range of financial institutions than the dollar Libor panel banks should have a significantly positive effect on the level of the common factor of FX swap deviations.
Fourth, the variance equation is well estimated in all specifications. 36 The ARCH (η ) and GARCH ( β ) effects are significantly positive in all cases. The estimated high coefficients of the GARCH term indicates the existence of volatility clustering, such that large changes tend to be followed by large changes. The asymmetric ARCH leverage effect ( γ ) is found to be significant such that a negative shock tends to have a larger impact on volatility than a positive shock.
Next, Tables 9-12 report the results of EGARCH analysis after the Lehman failure. 37 First, in all cases, CDS (European) has a significantly positive coefficient on the level of the common 33 As discussed earlier, we included an indicator variable that takes the value of 1 after the July 30 announcement of an increase in the ECB's swap lines as well as an increase in term of the dollar funds that would be made available by both the ECB and SNB, supported by the swap lines. In other regressions (not reported), other dates in which swap lines were increased during the period were also found to be insignificant. 34 The instantaneous drop rate is calculated as 1 ) exp( − λ . 35 The coefficients on the Broad-OIS and Libor-OIS spreads, always of the opposite sign, are often found to be roughly of the same magnitude. This suggests that information of both spreads for the FX swap deviation might be captured more efficiently by the spread between the broad-based dollar rate and dollar Libor. We conduct a robustness check for this specification later in this Section. 36 The Ljung-Box Q statistics for the autocorrelation of the squared standardized residuals from the EGARCH model (not reported) are found to be insignificant for various lag lengths. This turns out to be always the case throughout the analysis that follows. 37 In comparing the size of coefficients between the two periods, it should be noted that our dependent variables (first principal component) in both periods are standardized variables with 0 mean and 1 standard deviation. Based on regression results of the original FX swap deviation series on the principal component in each period, we find that, in terms of the impact on the original FX swap deviation series, an estimated coefficient of 1 in the pre-Lehman period roughly corresponds to a coefficient of 0.2 in the post-Lehman period. Thus, a smaller coefficient in the latter period can still correspond to a larger impact on the original FX swap deviation.
factor, consistent with the results before the Lehman failure. CDS (US) also has a significantly positive coefficient in all cases except one. This result is in marked contrast to that for the earlier period, but consistent with our counterparty risk hypothesis, as posited for after the Lehman failure. As discussed above, after this event, US financial institutions also faced difficulty raising US dollar funding in cash markets, due to greatly increased concerns over counterparty risk. Under such circumstances, US financial institutions had much less ability to provide dollar funds in the FX swap markets, and many market observers even suggested that some US financial institutions turned to FX swap markets to raise dollars chiefly using European currencies as funding sources.
Second, USD auction dummies at maturities of 28 days or longer have significantly negative coefficients on the level of the common factor in all cases for the ECB (Table 9) , SNB (Table  10 ) and BoE (Table 11) , including the case of the same-day coordinated auction dummy (Table 12 ). These results suggest that US dollar auctions conducted by each of the central banks, particularly at maturities of 28 days or longer, successfully alleviated the dollar shortage problem to the extent it showed up in FX swap deviations from the CIP condition. In the case of the ECB's auctions, the auction dummy at maturities of 5 days or longer also have a significantly negative coefficient.
How can these impacts be evaluated in economic terms? Based on the results of regressions that measure the association between the common factor and each original series of FX swap deviation, we can approximate the impacts of the US dollar auctions in terms of the original series of FX swap deviations: the estimated coefficient on the USD auction dummy of -0.2 roughly corresponds to a reduction of the FX swap deviation of 6.0 (EUR/USD), 6.9 (CHF/USD), and 6.5 (GBP/USD) basis points, respectively. The US dollar auctions with relatively long maturities also exert a significantly stabilizing effect on the volatility of the common factor. Specifically, US dollar auctions at maturities of 28 days or longer have a significantly negative impact on volatility in all cases, corresponding to the reduction in volatility of 69 (ECB 3), 61 (SNB 3), and 65 (BoE 3) percentage points on average. Results for maturities of 80 days or longer are very similar except for the case of SNB 4 (Table 10) .
38
Third, the shift by the Federal Reserve to unlimited dollar swap lines for the ECB, SNB and BoE, as captured by the "commitment 2" dummy variable, always has a significantly negative effect on the level of the common factor. As discussed above, on October 13, 2008, major central banks jointly announced measures to improve short-term US dollar liquidity conditions including the unlimited dollar swap lines. In terms of the original series of FX swap deviations, the estimated coefficient on this commitment dummy of -1 corresponds to reductions in the FX swap deviations of 30.2 (EUR/USD), 34.6 (CHF/USD), and 32.6 (GBP/USD) basis points, respectively. The results are consistent with the view expressed by many market observers that the moves by the central banking community to address the US dollar shortage problem in the FX swap markets were especially effective from mid-October.
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Fourth, as is the case with the estimation results before the Lehman failure, Broad-OIS and Libor-OIS spreads have significantly positive and negative coefficients, respectively, in all cases, which is consistent with equation (3).
40 38 We further tested the hypothesis that joint USD auctions by three central banks are more effective than the auctions conducted by a single central bank by including both the same-day dummy and a dummy variable that takes the value of 1 if each central bank conduct auctions alone. We were not able to find significant evidence supporting this hypothesis, though. 39 We also tested whether indicator variables for other dates when swap line increases were announced, but they were not found to be significant. 40 The coefficients on both spreads drop in magnitude by 90 percent from the pre to post-Lehman regressions. Even when considering the (above-mentioned) fact that a coefficient of 1 pre-Lehmann would correspond to 6.4
Robustness checks
As mentioned earlier, some of the determinants of the common factor are found to be I(1) and there is very high correlation between the Broad-OIS spread and the Libor-OIS spread, so we report the summary of a complete set of robustness checks based on the following specifications.
First, in both periods, we use the spread of the eurodollar rate reported by the Federal Reserve over dollar Libor, which is found to be I(0) in both periods, instead of using the Broad-OIS and Libor-OIS spreads, separately. This is to cope with the high correlation between these spreads and potential non-stationarity problems, as well as the point mentioned earlier that the information of both spreads for the FX swap deviation might be captured more efficiently by the single variable, given the rough equivalence of the absolute value of the coefficients on the variables estimated separately.
Second, at the same time, we use the changes in both CDS (European) and CDS (US) in the pre-Lehman regressions, and the change in CDS (US) in the post-Lehman regressions. This is based on the unit root test results, as reported in Table 7 , in which the level of those variables are found to be I(1), which might potentially pose non-stationarity problems for the estimation.
The EGARCH analysis based on the above specifications shows that our main results remain almost intact in both periods. 41 More specifically, in the pre-Lehman regressions, the CDS (European) and CDS (US) have a significantly positive and negative coefficients, respectively, for determining the level of the common factor, respectively, and USD auction dummies at 28 days or longer have a significantly negative coefficients for determining its volatility in most cases. In the post-Lehman regressions, both the CDS (European) and CDS (US) have significantly positive coefficients for determining the level of the common factor, while the same USD auction dummies have a significantly negative impact on its level and volatility in most cases, and the commitment dummy 2, which takes the value of 1 from October 13, 2008 onwards, has a significantly negative impact on its level.
6.5
Discussion: Assessing policy effectiveness
As documented above, the policy measures to ensure that adequate term dollar funding was available to European banks intensified in the wake of Lehman bankruptcy. That the renewed efforts met with more success is indicated by the significance of the dollar auction variable in reducing both the level and volatility of the common factor in the post-Lehman regression, as opposed to the more limited results of reduced volatility in the earlier preLehman period. At the same time, it should be remembered that perhaps the objectives of policy had changed after September 15, when interbank rates and measures of dislocation in FX swap markets spiked by many times their previously elevated values. Central banks may have been determined to get out "ahead of the curve" and took back the clock on dislocations, as opposed to merely stabilize their movements. The pronounced impact of the move to unlimited dollar swap lines by the Federal Reserve with the central banks under study may also reflect the increased aggressiveness of central bank intent.
the same impact on the original FX swap deviation as a coefficient of one-fifth that size post-Lehmann, coefficients on the Broad-OIS and Libor-OIS spreads in the post-Lehman period still appear to be relatively small compared with those of the preceding period. We would lean towards ascribing this outcome to simple increased measurement error in the later, more volatile period, for reasons such as the deterioration of market liquidity after the Lehman failure, for which we find it difficult to control as described above.
Policymakers post-Lehman were also dealing with dollar shortages that were now global in nature, as underscored in the results by our findings suggestive that even US financial institutions found themselves short of term funding and some turned to FX swap markets to raise dollars. Swap lines were extended to central banks across many continents and time zones. Though not explicitly addressed in our empirical exercise, the fact that central banks undertook a shift to a "full court press" in their defensive strategies, with swap lines increases announced simultaneously with an increase in the number of countries receiving term dollar funds, may also have increased the effectiveness of the policy measures post-Lehman.
Of course, the increase in dollar swap lines among central banks after the Lehman failure cannot take sole credit for the alleviation of dislocations in the FX swap market around that time. To be sure, these measures were widely welcomed by market participants and credited with alleviating funding pressures in term funding markets. However, the increase in the dollar swap lines to unlimited amounts occurred shortly after the adoption of many other measures by the authorities to stabilize the financial system by reducing counterparty credit and liquidity risks. In particular, the US Treasury's guarantee for money market funds' net asset value which sought to stop a run on money market funds, as well as the Federal's Reserve's ABCP money market fund liquidity facility (AMLF) which granted money market funds indirect access to Federal Reserve funding was announced on September 19. Further, the Federal Reserve announced a Commercial Paper Funding Facility (CPFF) on October 7, which financed repayments to money market funds of maturing CP that money market funds did not roll over, as well as reduced the risk of CP on money market fund portfolio balance sheet. The combination of the above measures was likely important in alleviating funding pressures on non-US banks in particular, since money market funds had been the largest suppliers of dollar funding to non-US banks . It is quite possible that the shift to unlimited dollar swap lines was more effective in the wake of these other measures.
Concluding remarks
Financial markets shifted from turmoil to crisis mode following the failure of Lehman Brothers on September 15, 2008. This paper has empirically investigated dislocations in the FX swap market around this seismic event. As documented in Baba and Packer (2009) , well before the Lehman failure, there had already been a striking change in the relationship between perceptions of counterparty risk and FX swap prices. That is, after the onset of financial turmoil the summer of 2007, CDS spread differences between European and US financial institutions were positively related to deviations from CIP observed in the FX swap market. The findings suggested that concern over the counterparty risk of European financial institutions was one of the important drivers of the deviation from covered interest parity in the FX swap market.
However, after the bankruptcy of Lehman Brothers, the turmoil in many markets became much more pronounced. In FX and money markets, what had principally been a dollar liquidity problem for European financial institutions deepened into a phenomenon of global dollar shortage. The empirical results spanning the failure of Lehman are consistent with this globalization of the dollar shortage problem. US financial institutions after the failure faced difficulty raising US dollar funding possibly as much as European institutions, and in striking contrast to the pre-Lehman period of turmoil, declining credit worthiness of US institutions provided an independent source of imbalances in the FX swap markets to the decline in creditworthiness of European institutions.
Central bank measures to counter the dollar shortage were redoubled after the Lehman failure. In December 2007, the Federal Reserve had initiated dollar swap lines with the ECB and SNB so as to facilitate the provision of US dollar term funds to Eurosystem and Swiss counterparties. These amounts were increased two to three times over the following nine months. But in response to the greatly increased pressure following the failure of Lehman Brothers, the central banks ramped up at an unprecedented pace their transatlantic dollar funding of non-US banks, culminating in the establishment of unlimited swap lines by the Federal Reserve with the ECB, SNB and the BoE on October 13. 2008.
While the establishment of dollar swap lines had not had a significant impact on the level of the FX swap deviation before the failure of Lehman Brothers, if anything, indicating that central banks had fallen behind the curve, our empirical evidence suggests that they became effective in diminishing the level of FX swap market deviation in the later period. The impacts of the moves on the FX swap market deviations were such that the deviations were at least 30 basis points less than those otherwise might have been after the introduction of the unlimited swap lines. Since we are controlling for the effects of funding liquidity problems in the interbank markets, this is likely a lower bound estimate on the effectiveness of the measures.
We also test whether the actual provision of funds by the ECB, SNB and BoE in auctions, designed to occur on the same day as those of the Federal Reserve's Term Auction Facility, had an impact on the FX swap market deviations. In contrast to the results before the failure of Lehman Brothers, dollar auction dummies have a significantly negative effect on the level of the common factor for EUR/USD, CHF/USD and GBP/USD FX swap deviations, as long as the auction dummies include maturities of 28 days or longer. The result suggests that US dollar auctions at longer maturities conducted by the European central banks successfully ameliorated the problem of US dollar shortage in the FX swap markets. In addition, both prior to and after the Lehman failure, the US dollar liquidity-providing operations by the central banks under study appear to have lowered the volatility (and thus the associated uncertainty) of the FX swap deviations. Our estimation results thus support the view that the dollar term funding auctions conducted by the ECB, SNB and BoE, supported by dollar swap lines with the Federal Reserve, played a positive role in stabilizing the FX swap market for the euro/dollar, Swiss franc/dollar and sterling/dollar currency pairs.
This study focuses on the degree to which FX swap markets for European currencies vis-à-vis the US dollar were shaken by the failure of Lehman Brothers, as well as the effectiveness of concerted policy measures to overcome dollar shortages in the major currency areas of industrialized Europe. After the Lehman failure, as dislocations in FX swap markets reflected dollar shortages that were global in nature, the provision of dollar funds in coordination with the Federal Reserve expanded greatly to include central banks in five continents including many emerging market economies. Future researchers might focus on the degree to which the heterogeneity of institutions and financial systems influenced the effectiveness of the provision of dollar funds during the crisis.
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